• Unexpected loud auditory stimuli can trigger the involuntary release of motor actions during preparation to move.
Introduction
It is a matter of common experience that a loud, abrupt noise like a car back-firing can elicit a startle response (the acoustic startle reflex; Leitner et al. 1980; Brown et al. 1991) . Less widely known is the finding that when someone is ready to perform a particular behaviour, a loud acoustic stimulus (LAS) can elicit the prepared behaviour with a latency substantially shorter than normal voluntary reaction times (Valls-Sole et al. 1999) . This has been termed the 'StartReact effect' (Valls-Sole et al. 1999; Carlsen et al. 2004 ) and may explain some false starts in sprint races where the starting pistol report serves as the startling stimulus.
It has been suggested that the StartReact effect only occurs if the person is truly startled, which can be assessed by whether or not the LAS reflexively evokes activity in muscles associated with the true startle reflex such as sternocleidomastoid (Carlsen et al. 2007) . However, although startle-evoked activity in such muscles may be sufficient for early initiation of prepared responses by a LAS, it is not necessary (Valls-Sole et al. 2005; Delval et al. 2012; Maslovat et al. 2012; Marinovic et al. 2013 ). In addition, in contrast to the StartReact, the startle reflex can be extinguished by a prepulse stimulus of lower intensity, indicating that the early release of prepared responses by acoustic stimuli and the startle reflex involve different physiological mechanisms (Valls-Sole et al. 2005; Maslovat et al. 2012) . Thus, the precise role of the startle reflex in the StartReact effect is unclear and to avoid confusion we will refer to the early release of motor actions -startled or notsimply as a 'facilitated-reaction effect' . Our focus will be on the effects of loud auditory stimuli (LAS) on corticospinal excitability.
One suggested explanation for the facilitated-reaction effect is that when people ready themselves to make a response, they prepare a motor programme that is stored in subcortical motor circuits. The LAS evokes neural activity that rapidly reaches these circuits via subcortical pathways, and triggers response production (Valls-Sole et al. 1999; Carlsen et al. 2004 ). There are several findings that support this explanation. For example, a number of studies have reported that a LAS can transiently suppress activity in motor cortical areas (Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011 ). This finding is incompatible with facilitation of cortical response generation, but compatible with subcortical facilitation. Furthermore, the suppression of cortical activity has been found to be associated with increased excitability of subcortical motor pathways (Furubayashi et al. 2000; Ilic et al. 2011) , consistent with facilitation of subcortical response generation.
The picture is not completely clear, however, since a subcortically stored programme idea is inconsistent with recent results showing that commands for well-learned ballistic acts are most likely generated in the cortex (Bullock et al. 1998; Ashby et al. 2010; Desmurget & Turner, 2010) , and there are studies which are consistent with cortical involvement in the facilitated-reaction effect. For instance, a recent study found that transcranial magnetic stimulation (TMS) of the primary motor cortex (M1) delivered just prior to a loud stimulus reduced the facilitated-reaction effect, but did not influence the subcortical startle reflex pathways (Alibiglou & MacKinnon, 2012) . A reduction of the facilitated-reaction effect, however, may also be caused by disruption of the subcortical stored programme by TMS. More specifically, it has been shown recently in anaesthetized macaque monkeys that TMS may also affect the ponto-medullary reticular formation in the brainstem (Fisher et al. 2012) , casting some doubt about the involvement of M1 based on Alibiglou and MacKinnon's (2012) findings. Here we sought to shed new light on the debate by testing changes in corticospinal excitability -reflected by changes in motor-evoked potentials (MEPs) -after LAS presentation during different states of preparation for an action.
The inconsistency of findings relating to a cortical role in the facilitated-reaction effect may be due, in part, to differences in the preparatory processes leading to response production. In experiments that demonstrated motor cortical suppression by acoustic stimuli (Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011) , the auditory stimuli were delivered after movement initiation, at a time when participants were not only in a low state of readiness but also maintained a low level of muscular contraction. In the study where the results were consistent with cortical involvement (Alibiglou & MacKinnon, 2012) , participants were preparing for action and likely to be in a high state of readiness, meaning that the levels of response-related activation in cortical areas was probably close to movement threshold (see also Carpenter & Williams, 1995; Hanes & Schall, 1996) . A reduced MEP amplitude shortly after the presentation of a LAS during the period of response preparation would be strong evidence against Alibiglou and MacKinnon's (2012) proposal that there is cortical involvement in the facilitated-reaction effect.
We show, using TMS delivered during preparation for an anticipatory timing task (Marinovic et al. 2011) , that a LAS can have opposite effects on the net corticospinal excitability depending on the level of readiness for action: increased excitability when readiness is high, and decreased excitability when readiness is low. Our results also suggest that corticospinal excitability is modulated in response to loud acoustic stimuli by a combination of two mechanisms responsible for cortical regulation: intracortical disinhibition and facilitation (Kujirai et al. 1993; Nakamura et al. 1997) . Finally, we show using transcranial electrical stimulation (TES) that the modulation of the net corticospinal excitability cannot be simply attributed to subcortical changes induced by acoustic stimuli. Taken together, these findings indicate cortical involvement in the early release of motor response by an auditory stimulus.
Methods

Participants
Seven volunteers (2 women) participated in Experiment 1 (mean age = 30.5, SEM = 2.8 years). Nine volunteers (2 women) participated in Experiment 2 (mean age = 30.1, SEM = 2.4 years), seven of whom had already participated in Experiment 1. Eight (2 women) of the nine volunteers in Experiment 2 also participated in Experiment 3 (mean age = 30.8, SEM = 2.6 years). Six participants (all male) of the nine volunteers in Experiment 2 also took part in Experiment 4 (mean age = 28.3, SEM = 3.2 years). Seven participants (all male) -five of whom took part in Experiment 4 -participated in Experiment 5 (mean age = 27.1, SEM = 3.2 years). Participants gave written informed consent prior to commencement of the study, which was in accordance with the Declaration of Helsinki and approved by the local Ethics Committee of the University of Queensland. All participants reported normal or corrected to normal vision and stated they were right-handed.
Procedures
Participants were seated in a chair in front of a monitor screen with support for the arms and hands as shown in Fig. 1A . Support for the hands was built so as to allow the participants to remain with their hands in a pronated position throughout the experiments. The participants were required to abduct their right index finger against a force transducer, placed beside their right hand on the hand rest, in anticipation of the moment they believed the moving target would make contact with a stationary target on the right side of the monitor screen. They were required to exert a comfortable, brief and constant contraction throughout the experiment. The displacement of the moving target was occluded from view 500 ms prior to its arrival at the contact position with the stationary target but participants were instructed to react as if the target was still in motion (constant speed was used). At the moment of contact between stationary and moving targets, the stationary target colour changed from green to red. Feedback about temporal error was provided after all practice trials and only after Control trials during the experiments (trials without LAS or TMS). The moving target was stationary for 1 s on its initial position and after motion onset it took 2 s to move from the left to the right side of a 19 inch monitor screen (60 Hz refresh rate, 1280 × 1024 (pixel) resolution) located 0.9 m away from the participants as shown in Fig. 1A . Visual stimuli were generated with Cogent 2000 Graphics running in MATLAB 7.5.
Procedures and design
Prior to the experimental block of trials, the participants were trained to abduct their index fingers at the correct time. Before the experiment started participants were presented with the LAS six times. Participants performed 60 trials during practice before Experiments 1 and 2. In Experiment 1, participants performed 120 trials where they tried to synchronize their contractions with the arrival of the moving target at the arrival position. In 24 of those, a LAS was presented and participants were asked to ignore it and perform the task normally. The onset time of the LAS was always 200 ms prior to the expected time of movement onset (Fig. 1B) . In half of the trials in which a LAS was present, a single-pulse TMS was delivered over the left motor cortex 50 ms after LAS onset (Fig. 1B) . In another 12 trials, a single-pulse TMS was delivered alone (without the LAS). The timing of these pulses matched the time of those where a LAS was presented. The remaining 84 trials (70% of total) were Control trials in which participants received feedback about synchronization errors. The order of presentation of the trials was pseudo-randomized so that trials with a loud auditory stimulus could not be presented twice in a row. Probe trials (LAS + TMS and TMS alone) were interleaved in one single block. The inter-trial interval was set to 4 s (end of one trial and beginning of the next trial). After the experimental block, participants were subject to the same probe trials -LAS + TMS, TMS alone and LAS alonebut were asked to remain at rest while looking at a fixation point on the monitor screen. Probe trials were again interleaved in one single block. The inter-trial interval for these trials at rest was set to 10 s.
In Experiment 2, participants performed 220 trials. In 40 of those, a LAS was presented. In 30 of these LAS trials, single (10 trials) or paired TMS (10 intracortical facilitation (ICF) and 10 short-interval intracortical inhibition (SICI)) pulses were applied over the left motor cortex. In another 30 trials, single, paired ICF or paired SICI pulses were applied at times matching those with LAS. The timing of the test stimulus was always 50 ms after LAS onset. The remaining 150 trials (68% of total) served as Control trials. The order of presentation of the trials was again controlled so that trials with a LAS could not be presented sequentially. Probe trials were interleaved in one single block. The inter-trial interval was set to 4 s. Experiment 2 took place 2 weeks after the completion of Experiment 1.
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Experiment 3 was conducted 10 min after the end of Experiment 2. Only experimental probes (LAS + TMS, TMS alone and LAS alone) were presented and the timing of LAS presentation was 2000 ms prior to the expected time of movement onset (when the moving target initiated its motion as shown in Fig. 1C ). Participants performed 56 trials -8 for each probe condition -and feedback about temporal error was provided as there was no reason to believe LAS or TMS could interfere with performance when delivered so early into the trial.
In Experiment 4, the procedures were identical to those for Experiment 1 with the following exception. TES was used instead of TMS. Experiment 4 took place 4 weeks after the completion of Experiment 3.
In Experiment 5, the procedures were identical to those for Experiment 4 with the following exceptions. We employed both TES and TMS in the same block of trials (interleaved trials). Furthermore, because we did not test changes in corticospinal excitability with TES during early preparation, we included this condition in this experiment as shown in Fig. 1D . To reduce the number of trials in which a LAS was presented, we had no control trials where a LAS was delivered alone. Participants performed 240 trials in Experiment 5. In 40 of those, a LAS was presented during preparation (20 early and 20 late; 16.66% of total). Half of these trials were followed by a TMS or a TES pulse 50 ms after LAS onset. In another 40 trials, single pulse TMS or TES stimuli were presented during early and late preparation. The remaining 160 trials (66.66% of total) served as Control trials.
Auditory stimuli
The auditory stimuli were bursts of 50 ms broadband white noise with a rise/fall time shorter than 1 ms. Stimuli were generated on a digital computer and presented binaurally via high-fidelity stereophonic headphones (Sennheiser model HD25-1 II; frequency response 16 Hz to 22 kHz; Sennheiser Electronics GmbH & Co. KG, Wedemark, Germany). The input signal to the headphones had a bandwidth of approximately 10 Hz to 30 kHz. Auditory stimuli had a peak loudness of 114 dB. Sound intensity was measured with a Brüel and Kjaer sound level meter (type 2205, A-weighted; Brüel & Kjaer Sound & Vibration Measurement, Naerum, Denmark) placed 2 cm from the headphone speaker.
TMS stimulation
Before practice trials, the TMS intensity was established for each participant by finding the resting motor threshold (RMT) for the first dorsal interosseous muscle (FDI, primary agonist in the task). The intensity of the test stimulus was set to 120% of RMT, while the intensity of the conditioning stimulus in Experiment 2 and 3 was set to 70% of RMT. In Experiments 2 and 3, the intensity of the test stimulus was the same for trials with LAS and TMS alone as adjusting the intensity of the test stimulus to compare directly MEPs evoked with paired-pulses is known to alter the relationship between conditioning and test stimulus (see Garry & Thomson, 2009 ). The interstimulus interval between conditioning and test stimulus was adjusted to elicit maximal inhibitory (SICI) and excitatory (ICF) effects at rest, before the beginning of the experiment. These values ranged between 2 and 3 ms for SICI and 12-13 ms for ICF. The position of the coil over the specific site of stimulation was held in place by one experimenter. MEPs were recorded from the FDI and the abductor digiti minimi (ADM) muscles of the right hand using disposable Ag-AgCl electrodes. The electromyogram (EMG) signal was amplified, band-pass filtered between 30 and 1 kHz (Grass P511 isolated amplifier), sampled at 2000 Hz, and stored on computer. The torque transducer data were time locked to the collection of the EMG signal and also sampled at 2000 Hz.
TES stimulation
Transcranial electrical stimulation was performed using a Digitimer D180A stimulator (Digitimer, L. Welwyn Garden City, UK). The cathode was placed over the vertex, and the anode at the optimal position to elicit motor-evoked potentials using TMS (about 6 cm lateral to the vertex). The stimulus intensity was adjusted to the minimum that could elicit a noticeable MEP in 4 out of 4 consecutive stimuli without any acoustic stimulus. This procedure resulted in MEPs in Control trials (no LAS) that were similar in magnitude to those observed in Control trials using TMS (see Results). Details of MEP data recording were identical to those employed for TMS stimulation (see above).
Data analysis
The variables of interest were: constant temporal error, peak EMG, EMG duration, time to peak EMG, root mean squared (RMS) EMG and amplitude of the peak-to-peak motor-evoked potentials. Temporal error was defined as the difference between movement onset and the time the moving target arrived at the designated position (negative = early). Movement onsets were estimated from the tangential speed time series (derived by numerical differentiation from the filtered torque data) using the algorithm recommended by Teasdale et al. (1993) . Peak EMG was defined as the maximum value of the rectified EMG signal of the FDI muscle. EMG duration was defined as the time between EMG onset and EMG offset on the FDI muscle. Movement offset was estimated using the same algorithm used to determine movement onset.
RMS EMG was defined as the root mean square signal over an interval of 250 ms preceding the test TMS pulse. The amplitude of the peak-to-peak MEP is presented as the raw value obtained when we compare responses obtained with single-pulse TMS. Ratios between MEPs obtained with paired pulse and single pulse are used to assess intracortical changes induced by the LAS (SICI and ICF). MEPs were inspected visually so that we could discard any trial in which a voluntary contraction preceding the test pulse was visible. Means of temporal error, peak EMG, EMG duration, time-to-peak EMG and RMS EMG obtained in Control trials and in LAS trials without TMS were compared using paired tests. Means of MEPs obtained in trials with and without LAS were also analysed using paired tests. For ratios, means were log-transformed before statistical analysis to reduce the detrimental effect of right-skewed outliers. All variables were first checked for normality using the Shapiro-Wilk test. When the assumption of normality was met we tested for differences between means using paired t tests. When the normality assumption was violated we employed the Wilcoxon test and reported the exact P values. α was set to 0.05 for all comparisons. We report r effect sizes for all pairwise comparisons.
Results
Movement timing and EMG
We examined the timing of movement onset in Experiments 1, 2 and 4 -where the auditory stimulus was delivered late in preparation (200 ms to movement onset) -to determine whether the auditory stimulus used could trigger the early release of the prepared movement. Since the auditory stimulus was presented during early preparation in Experiment 3 -2 s to movement onset -we did not analyse the effect of the LAS on timing accuracy in this experiment as no differences were expected. As shown in Fig. 2 , responses in Experiments 1 and 2 were initiated significantly earlier in the presence of a LAS than those produced without it (Experiment 1: paired t test, t 6 = 8.88, P = 0.0001, r = 0.95; Experiment 2: paired t test, t 8 = 7.30, P = 0.0001, r = 0.93). In Experiment 4, which served as a control using transcranial electrical stimulation (TES) with a subsample of the participants of Experiment 3, responses produced with a LAS were also initiated earlier than those without the acoustic stimulus (mean temporal error: LAS = −24.4 ms; Control = 17.41 ms; paired t test, t 5 = 3.17, P = 0.024, r = 0.82). EMG duration of early responses was not different from Control trials and neither was the time to peak EMG (see Table 1 ). Peak EMG, on the other hand, was greater in responses triggered by the auditory stimulus (see Table 1 ). Overall, these results indicate that the auditory stimulus triggered the prepared pattern of movement earlier compared to normal Control trials. It is also worth noting that responses to LAS at rest in Experiment 1, while participants simply observed a fixation point on the monitor screen, showed that the auditory stimulus failed to elicit any measurable response on the FDI muscle that could be easily differentiated from background noise (peak EMG: mean (SEM) = 0.0055 (0.0009) mV). Thus, the LAS by itself did not seem to trigger a reflex response in the absence of preparation for the FDI muscle, which could be mistaken for the release of the prepared response during preparation.
Motor-evoked potentials elicited by single-pulse magnetic stimulation
Next, we examined the effect of the auditory stimulus on corticospinal excitability. In Experiment 1, during late response preparation, we found that motor-evoked potentials elicited shortly after a LAS by single-pulse TMS were significantly larger than those observed in Control trials (trials without a LAS) for the primary muscle (first dorsal interosseous, FDI) involved in the task (paired t test, t 6 = 4.19, P = 0.006, r = 0.86, see Fig. 3A ). However, larger MEPs were not observed for the ADM muscle, which was not involved in the motor task (paired t test, t 6 = 0.83, P = 0.438, r = 0.32). At rest, there was no effect observed for either the FDI (paired t test, t 6 = 0.75, P = 0.477, r = 0.29, see Fig. 3A ) and ADM (paired t test, t 6 = 0.40, P = 0.70, r = 0.27) muscles. As shown in Fig. 3B , these results were replicated in Experiment 2. More specifically, when accompanied by the LAS, motor-evoked potentials elicited in the FDI muscle were again significantly larger than those obtained in Control trials (Wilcoxon test, z = 2.66, P = 0.004, r = 0.88). Similar results late in preparation were observed for the FDI muscle in Experiment 5 (paired t test, t 6 = 4.446, P = 0.004, r = 0.87), where TMS and TES trials were interleaved. As in Experiment 1, this effect was not observed in the ADM muscle (paired t test, t 8 = 1.26, P = 0.242, r = 0.40) in Experiment 2. Interestingly, in a third experiment (see Fig. 3C ) where we tested for changes in corticospinal excitability earlier on during preparation -2 s prior to movement onset -we found some evidence for corticospinal suppression rather than facilitation (Wilcoxon test, z = 1.96, P = 0.055, r = 0.69) in response to the loud auditory stimulus. This effect during early preparation was also replicated in Experiment 5 (paired t test, t 6 = 2.74, P = 0.034, r = 0.74). The suppressive effect, however, was not observed in the ADM muscle (paired t test, t 7 = 0.67, P = 0.524, r = 0.24). The pattern of results obtained with single-pulse stimulation late in preparation is the reverse of what one would predict based on previous reports in the literature (Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011 ). More J Physiol 592.1 precisely, our results suggest corticospinal facilitation late in preparation (Experiments 1, 2 and 5) and corticospinal inhibition in early preparation (Experiments 3 and 5).
Motor-evoked potentials elicited by paired-pulse magnetic stimulation -intracortical facilitation
The increase in MEP amplitude in Experiment 1 and the reverse pattern in Experiment 3 could be brought about by changes in intracortical facilitation (ICF). We examined the involvement of this mechanism by probing the excitability of the corticospinal pathway using paired pulses (interstimulus interval, 12-13 ms) with and without the auditory stimulus delivered during late (Experiment 2) and early (Experiment 3) preparation. A larger MEP ratio between paired-pulse and single-pulse MEPs for LAS (LAS paired MEP /LAS single MEP ) trials would indicate increased intracortical facilitation, whereas the opposite result would indicate reduced intracortical facilitation. In Experiment 2, we found no evidence for differences in motor-evoked potential ratios between LAS trials and Control trials for either FDI (paired t test, t 8 = 0.67, P = 0.521, r = 0.23, see Fig. 4A ) or ADM (paired t test, t 8 = 0.96, P = 0.362, r = 0.32) muscles when the probe occurred late during the trial. This suggests that the increase in MEP amplitude obtained with single-pulse TMS may not be accounted for by this mechanism. Nevertheless, one should be careful to rule out this mechanism in late preparation because MEPs were so massively increased in response to single-pulse stimulation that there is little room for further increases in MEP amplitude using the ICF technique. In Experiment 3, we observed that MEP ratios obtained when a LAS was presented were significantly larger than those obtained in Control trials for the FDI muscle (Wilcoxon test, z = 2.52, P = 0.011, r = 0.89, see Fig. 4B ). This effect was extended to the ADM muscle (paired t test, t 7 = 2.91, P = 0.022, r = 0.74), which was not the primary muscle involved in the task. Contrary to what would be expected if inhibition was achieved through decreased intracortical facilitation during preparation, the results from Experiment 3 indicate that an auditory stimulus can increase intracortical facilitation.
Motor-evoked potentials elicited by paired-pulse magnetic stimulation -intracortical inhibition
Given that the increased net excitability of the corticospinal pathway could be associated with decreased inhibition, we tested the effect of LAS on short-interval intracortical inhibition during late (Experiment 2) and early (Experiment 3) preparation. The rationale for the interpretation of these results is that a decrease in MEP ratio for LAS trials (LAS paired MEP /LAS single MEP ) in relation to Control trials (Control paired MEP /Control single MEP ) would indicate increased short-interval intracortical inhibition, whereas an increase would suggest a reduction in short-interval intracortical inhibition. In Experiment 2, the mean MEP ratio elicited with a LAS was not statistically different from that obtained in Control trials for the FDI (paired t test, t 8 = 0.95, P = 0.368, r = 0.32, see Fig. 4A ) or ADM (paired t test, t 8 = 0.61, P = 0.559, r = 0.21) muscles. These results indicate that a reduction in short-interval intracortical inhibition is unlikely to explain the large increase in MEP amplitude in response to single-pulse stimulation (Experiments 1 and 2) . Early in preparation (Experiment 3), however, we found that the mean MEP ratio obtained with a LAS was significantly greater than that observed in Control trials for the FDI muscle (paired t test, t 7 = 3.28, P = 0.013, r = 0.76, see Fig. 4B ). This effect was not observed for the ADM muscle (Wilcoxon test, z = 0.98, P = 0.326, r = 0.34). Again, the results obtained in Experiment 3 are the opposite of what one would predict in the case of cortical suppression after LAS presentation as they indicate a reduction in short-interval intracortical inhibition.
Contrasting motor-evoked potentials elicited by single-pulse magnetic and electrical stimulation
It is conceivable that the large increase in MEP magnitude soon after LAS presentation could be due to massive spinal facilitation outweighing M1 inhibition. A comparison between MEPs obtained with TMS ( Fig. 5A) and TES (Fig. 5B ) allows a direct assessment of this possibility. It has been suggested that transcranial electrical stimulation is likely to activate the axons of corticospinal tract fibres in the subcortical white matter (Rothwell et al. 1994; Di Lazzaro et al. 2004) . Thus, MEPs evoked by TES should be less affected by cortical suppression than MEPs evoked by TMS in the presence of an acoustic stimulus (see Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011) . Therefore, we hypothesize that, in the case of subcortical facilitation, the ratio between LAS and Control MEPs obtained with TES would be larger than the ratio (LAS/Control) evoked by TMS. In contrast, a larger ratio between LAS and Control trials with TMS would suggest cortical facilitation. As shown in Fig. 5C , the mean ratio of MEP increase was 1.85 (SEM 0.45) with TES, whereas it was 3.09 (SEM 1.19) with TMS across the six participants that took part in both Experiments 2 and 4. Consistent with facilitation and/or disinhibition of cortical neurons in M1, the mean magnitude of MEP increase (expressed as a ratio between LAS MEPs/Control MEPs) was significantly larger using TMS than TES (paired t test, t 5 = 3.55, P = 0.016, r = 0.85, see Fig. 4C ). A comparison between the mean amplitude of control MEPs -obtained without a LAS -obtained with TMS and TES indicated no significant difference (paired t test, t 5 = 0.97, P = 0.37, r = 0.39, see Fig. 2B and D) . This suggests that the greater ratio of increase obtained with TMS cannot be attributed to differences in the size of the neural populations activated by the two different techniques.
Control experiment
Transcranial electric stimulation (TES) can be rather unpleasant and the expectation of such a stimulus could mean a different type of mechanism (e.g. sensitization or habituation) may have affected preparation and, as result, our comparison between Experiments 2 and 4. Thus, we ran a control experiment to observe the pattern of results we would obtain if MEPs induced by TES and TMS were obtained randomly in the same block. Furthermore, because we did not test the effect of TES early during preparation, the locus of suppression during early preparation was less certain. Therefore, we also obtained MEPs using both TES and TMS during early preparation in Experiment 5. We used the one-sample Wilcoxon signed rank test and compared the ratios against a reference value of 1 (no change) as the number of observations was uneven between conditions. As before, we report exact P values. As shown in Fig. 6A and C, during early preparation MEPs decreased similarly with TMS (n = 7, one-sample Wilcoxon test, z = 2.36, P = 0.018, r = 0.89) and TES (n = 6, one-sample Wilcoxon test, z = 1.78, P = 0.094, r = 0.73). These results confirm our previous finding that the magnetic-evoked MEPs decrease early in preparation and suggest that the same occurs for electric-evoked MEPs. In Fig. 6B and D, we show a pattern of results very similar to those obtained in separate experiments (2 and 4). That is, we replicated the previous findings that MEPs increase substantially during late preparation for TMS (n = 7, one-sample Wilcoxon test, z = 2.36, P = 0.018, r = 0.89) but less so for electric-evoked MEPs (n = 5, one-sample Wilcoxon test, z = 1.48, P = 0.188, r = 0.66).
Discussion
Our study sought to test the effect of a loud acoustic stimulus (LAS) on corticospinal excitability during the final preparation phase of a self-initiated anticipatory timing action (Marinovic et al. 2008 (Marinovic et al. , 2009a (Marinovic et al. , 2011 . A pervasive idea in the field of sensorimotor control is that ballistic and brief actions, such as those involved in anticipatory actions (e.g. hitting a baseball), are programmed cortically and stored subcortically (Valls-Sole et al. 1995 Carlsen et al. 2003; Queralt et al. 2008) , from where they can be triggered earlier than normal by a LAS without further involvement of cortical areas (Valls-Sole et al. 1999 . Alternatively, earlier responses could be prepared and triggered from the motor cortex via a fast conducting transcortical pathway (Alibiglou & MacKinnon, 2012) . One possible way to tease apart these two possibilities is to investigate the effects of auditory stimuli on corticospinal excitability. Auditory stimuli have well-documented differential effects on cortical and spinal excitability during muscular contractions: cortical suppression and spinal facilitation (Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011) .
The observation of decreased amplitude of motor-evoked potentials together with an early release of the response following the presentation of a LAS during preparation would be strong evidence in favour of the subcortical storage of motor programmes. However, we found that during late preparation the net excitability of the corticospinal pathway is enhanced shortly after an acoustic stimulus is presented (see Fig. 3A and B) . We also found evidence that the increase in corticospinal pathway excitability can be brought about by a combination of reduced intracortical inhibition and increased intracortical facilitation as shown in early preparation (see Fig. 4B ). Finally, we show that a combination of cortical suppression and subcortical facilitation cannot account for the strong increase in net corticospinal excitability induced by loud auditory stimuli.
Early triggering and EMG pattern of activation
The short latencies with which responses can be triggered by a LAS together with an unaltered morphology are the hallmark of what has been termed the StartReact effect (Valls-Sole et al. 1999 . We observed similar results in our studies despite the relatively lower intensity of the auditory stimulus used. We found that following a LAS, responses were triggered at about 50 ms earlier than normal (see Fig. 2 ). While an effect of 50 ms may seem small in the context of the StartReact phenomenon in simple reaction time tasks, this is quite a large effect for our task which required anticipation of the response. These types of actions are normally triggered by a stimulus event that occurs about 150 ms prior to movement onset (Marinovic et al. 2009a,b) , which leaves little room for an even earlier response onset with an auditory stimulus which is presented 200 ms prior to the expected time of movement onset. In other words, an effect of 50 ms is possibly the largest effect that could be seen in this particular task. Moreover, the duration and time to peak EMG burst were unaffected by the LAS, indicating that these responses could not be simply the superimposition of a reflexive activation of the FDI muscle added to the voluntary contraction being prepared. In the absence of preparation, the auditory stimulus we employed failed to elicit an EMG response in the FDI muscle. Differences in MEP amplitudes cannot be attributed to differences in baseline EMG activity preceding the magnetic test stimulus as these values were not only very similar but also within reported values for RMS EMG at rest (Moller et al. 2009 ; see Table 1 ).
The early release of the prepared response and the build-up of response-related activation
It is well known that temporal predictability affects the time course of preparation for an action (Requin et al. 1991) : the greater the temporal certainty regarding the time to act, the better a person can prepare in advance. The idea that temporal preparation affects readiness levels for upcoming movements fits well with the notion of activation models that we and others have recently proposed to explain the effects of LAS in simple reaction time and anticipatory timing tasks (Tresilian & Plooy, 2006; Maslovat et al. 2011; Alibiglou & MacKinnon, 2012; Marinovic et al. 2013) . Generally, these models propose that a motor action is triggered when the level of activation of the action reaches a certain threshold (see also Carpenter Williams, 1995; Hanes & Schall, 1996) . We have recently shown that the activation increases gradually over time and peaks just prior to the moment the motor action must be triggered (Marinovic et al. 2013) . According to the model, motor actions can be released early by a LAS as it increases the rate of rise to movement threshold and pushes the level of activation above the threshold for response initiation sooner than normal (Tresilian & Plooy, 2006; Marinovic et al. 2013) . The activity evoked by a LAS adds to that which has already built up during preparation; when the combined activity exceeds threshold for activation the response is triggered early and its magnitude depends on the amount to which the threshold is exceeded (see also Jaskowski et al. 1995; Ulrich et al. 1998) . This model explains quite well the early release of motor responses by LAS and also accounts for another frequently overlooked characteristic of these responses that we also observed in our own data, namely more vigorous responses (see Table 1 ). Thus, there may be a causal relationship between LAS presentation and the increase in corticospinal excitability we observed in the experiments reported here.
Cortical or subcortical effects of LAS in late preparation?
The increase in motor-evoked potentials elicited by single-pulse TMS (Experiments 1 and 2) 50 ms after LAS onset is consistent with augmented excitability in the motor cortex. Alternatively, it is possible that there is suppression of the motor cortex and that the effect may be due to a substantial facilitation at the level of the spinal cord that is greater than the suppression. Three lines of evidence strongly refute this possibility. First, previous research investigating the effects of auditory stimuli using TES found increased facilitation only 80-120 ms after LAS onset (Delwaide & Schepens, 1995; Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011) , indicating that spinal facilitation induced by sound can be attributed to activation of slow conducting descending pathways (Delwaide & Schepens, 1995) . Since the asynchrony between the LAS and TMS pulses we employed (50 ms) was shorter than the minimum required for detection of subcortical facilitation (Fisher et al. 2004) , it seems unlikely that such a large spinal facilitation could be seen at this time. Second, the fact that we found a trend towards cortical suppression early in preparation (Experiment 3, Fig. 3C ) suggests that the detection of cortical suppression is possible with the LAS-TMS asynchrony we used. Last, and more importantly, in Experiments 4 and 5 we showed that motor-evoked potentials elicited with TMS increased significantly more in response to auditory stimuli than those elicited with TES. TES is assumed to activate the axons of corticospinal neurons bypassing the soma (Rothwell et al. 1994; Di Lazzaro et al. 2004 ) and therefore reflect changes in excitability below the level of the motor cortex. The difference in response to TMS compared to that of TES indicates that the additional facilitation seen with TMS must be brought about by an increase in excitation at a cortical level. While MEPs induced by single-pulse TMS do not indicate the specific intracortical mechanisms involved in corticospinal facilitation, changes in response to paired-pulse TMS, however, can reveal intracortical modulation that would occur soon after the presentation of an auditory stimulus.
Intracortical changes induced by LAS
There is a range of intracortical mechanisms involved in regulating the resultant level of excitability of M1 and, consequently, the overall output we can measure with TMS (Hallett, 2007) . Here we tested whether short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF) could be involved in the observed changes in M1 excitability associated with exposure to loud noises. Short-interval intracortical inhibition (SICI) can be assessed when a subthreshold conditioning stimulus precedes a suprathreshold test stimulus by 2-5 ms (Kujirai et al. 1993; Nakamura et al. 1997) . While the subthreshold conditioning stimulus is not sufficient for the corticospinal neurons to discharge, it activates the inhibitory interneurons in M1, producing inhibitory effects on the corticospinal neurons. Intracortical facilitation can be assessed in a similar manner but at relatively longer intervals between conditioning and test stimuli (12-15 ms; Kujirai et al. 1993) . Other mechanisms of intracortical regulation may interact with SICI and ICF measurements (Kujirai et al. 1993; Peurala et al. 2008) , we therefore interpret our results with caution, recognizing the possibility that these other mechanisms may have affected our results.
We found early in preparation (i.e. Experiment 3) that intracortical facilitation was greater in LAS trials than in Control trials. As it would be expected in the case of a global effect of the LAS on the motor cortex, this effect was observed in a muscle not involved in the task (ADM). We also observed that early in preparation, short-interval intracortical inhibition for the FDI muscle was reduced (i.e. MEPs elicited by paired pulses delivered close in time (2-3 ms) were also relatively larger following LAS than those observed in Control trials). Thus, at least in relation to the time course of the effect, an increase in net excitability of the motor cortex when an auditory stimulus is present could be explained by these two mechanisms of intracortical regulation (ICF and SICI). Nonetheless, the fact that the effects of loud auditory stimuli are reversed in response to single-pulse TMS as preparation develops suggests that other mechanisms may regulate cortical excitability during motor preparation. Next, we consider a neural mechanism which may be involved in cortical facilitation during late preparation.
Possible neural pathways by which a LAS influences cortical preparation
There are two known routes by which auditory-evoked activity can reach motor areas of the cerebral cortex: (1) via the auditory pathways that transmit activity evoked in the cochlea to the primary auditory cortex via the medial geniculate nucleus of the thalamus (Fig. 7A) and then from the auditory cortex to premotor areas (as demonstrated in non-human primates, e.g. Arikuni et al. 1988; Petrides & Pandya, 1988; Deacon, 1992; Romanski et al. 1999; Petrides & Pandya, 2006) ; (2) via a pathway that transmits activity directly to motor areas via the pontomedullary reticular formation (PMRF) and the thalamus (Fig. 7B) . Alibiglou & MacKinnon (2012) suggested a cortical locus for motor command generating processes (motor programmes) and that pathway 2 (Fig. 7B ) may be responsible for the facilitated-reaction effect as it provides a fast route to motor cortex: the PMRF receives short latency auditory input (Davis et al. 1982; Koch et al. 1992; Lingenhöhl & Friauf, 1992 ; see also Yeomans & Frankland, 1995) and it has thalamocortical projections that terminate in motor areas, bypassing the auditory cortex. However, transmission of auditory activity from the cochlea nuclei to the auditory cortex can also be fast as evidenced by the finding that the middle latency response of auditory-evoked magnetic fields attributable to cortical activity has components with latencies between 11 and 33 ms (Kuriki et al. 1995) . Such short latency cortical-evoked activity is probably the result of transmission via trisynaptic components of the classical auditory pathway (see Hackett & Kaas, 2003; Moller, 2003) . Given the direct connections between auditory cortex and premotor areas, auditory-evoked activity could reach the premotor areas very quickly via pathway 1 (Fig. 7A) . Thus, either one or both pathways shown in Fig. 7 could mediate the facilitated-reaction effect.
In order to explain the suppression of corticospinal excitability evoked by the LAS early in preparation (Experiments 3 and 5), LAS-evoked activity must facilitate descending inhibition. Recent work by Duque and colleagues (Duque & Ivry, 2009; Duque et al. 2012) has demonstrated that descending inhibition can originate from the premotor cortex. They showed that repetitive TMS over the dorsal premotor cortex (PMd) selectively reduced response inhibition before the onset of an imperative stimulus, which they suggested arises via inhibitory projections from the PMd to subcortical areas and/or spinal cord (see also Cohen et al. 2010) . Auditory activation can potentially facilitate PMd since connections to this area from auditory cortex have been shown to exist in primates (see Zatorre et al. 2007) . The function of the descending inhibition may be to prevent false starts while the motor system prepares for an impending action (Duque & Ivry, 2009; Duque et al. 2012) . Thus, this connectivity should only be active early in preparation when the response is not yet required: in order for the response to occur, the inhibition would need to be withdrawn. This is consistent with animal (Tanji et al. 1988; Nakayama et al. 2008) and human (Liuzzi et al. 2010) work showing that activity of the PMd precedes M1 activity during motor preparation.
In summary, the circuits shown in Fig. 7 can account for our results if it is supposed that LAS-evoked activity facilitates those processes taking place in motor cortical areas at the time the activity arrives. Evidence from studies of response preparation indicate that preparatory processes in response-generating circuits develop from the moment the person can predict the time at which a response will be required, e.g. from presentation of a warning stimulus or the initiation of target motion (see Posner & Petersen, 1990; Los & Schut, 2008) . The graphs in panels C and D of Fig. 7 illustrate this progressive increase in response-related activation over the course of a trial. LAS-evoked activity can result in early triggering of command generation if the level of preparatory activity is sufficiently high (as it is late in a trial, panel C). The finding that triggering by the LAS is not possible when it is presented early in a trial implies that preparatory cortical activity is insufficiently developed at this time (panel D).
Since the preparatory process is active throughout the trial, a LAS may facilitiate it at any time, which accounts for why intracortical changes in M1 (release of intracortical inhibition and an increase in intracortical facilitation) were observed at early LAS presentation times without causing early response onsets. In contrast, the generation of inhibitory descending output from PMd is only active early in the preparatory period, so only at this time can it be facilitated by the LAS, which accounts for our finding of suppression of corticospinal excitability early in a trial, but not later (Experiment 3).
Note that existing results do not allow unambiguous conclusions regarding the extent to which one and/or the other circuit in Fig. 7 underlies the facilitated-reaction
Figure 7
A, hypothetical subcortical triggering circuit of responses initiated by loud auditory stimuli. B, hypothetical cortical triggering circuit of responses initiated by loud auditory stimuli. C, during late preparation a LAS causes the early release of the anticipatory action as the net neural preparatory activity is close to movement threshold. D, during early preparation a LAS causes no early release of the anticipatory action as the net neural preparatory activity is well below movement threshold. J Physiol 592.1 effect and associated phenomena. Irrespective of the contributions of the two pathways, our results strongly indicate that motor cortical areas, and M1 in particular, are part of the circuit involved in the facilitated-reaction effect.
StartReact, intersensory facilitation or both?
Previous research has demonstrated transient suppression of motor cortex excitability following a loud acoustic stimulus (Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011) . It has been assumed that this suppressive effect of the LAS occurs regardless of preparatory state, which is inconsistent with a cortical basis for the StartReact effect as proposed by Alibiglou & MacKinnon (2012) and suggests that it is due to triggering a subcortically stored programme (Valls-Sole, 2012) . We have shown here that the suppressive effect of the LAS is not independent of preparatory state: a LAS can increase cortical excitability when the moment of response initiation is imminent. This result would be expected if the StartReact effect has a cortical origin according to an account of the effect based on enhancement of temporal preparation that we have presented elsewhere (Tresilian & Plooy, 2006; Marinovic et al. 2013) . This is consistent with the recent finding that the StartReact effect can be reduced (delay of early triggering) by TMS over the motor cortex (Alibiglou & MacKinnon, 2012) and is closely related to the preparation enhancement explanation of the intersensory facilitation effect on reaction time (Nickerson, 1973; Schmidt et al. 1984; Arieh & Marks, 2008 ). An example of this effect is that when people are asked to respond as quickly as possible to a visual stimulus, their reaction time is typically shorter when the visual stimulus is accompanied by a task-irrelevant acoustic stimulus (e.g. Simon & Craft, 1970; Los & Van der Burg, 2013) . In the preparation enhancement account of this effect, activity evoked by the acoustic stimulus adds to (enhances) preparatory activation in response production circuits moving them closer to threshold as shown in Fig. 8 . According to the preparation enhancement idea (see Fig. 8 ), the StartReact effect is the result of an enhancement which is large enough to push the response production circuits over threshold and hence initiate motor command generation (Marinovic et al. 2013) . Of course, the results that have been presented do not refute the subcortical programme-triggering account of the StartReact effect, but they do establish the plausibility of a cortical origin for the effect. If subsequent study ultimately establishes that the effect is due to subcortical triggering, then the results presented here may reflect the neurophysiological mechanism of preparation enhancement by task-irrelevant acoustic stimuli.
Conclusions
It is important to emphasize that our results were obtained with a task that allows greater anticipation than reaction time tasks with variable and/or long foreperiods commonly used to investigate preparatory motor processes. Recent reports have indicated that temporally predictable tasks, such as the one used in our experiments, can heighten preparatory activity in the cortical networks that mediate movement initiation (Cui & MacKinnon, 2009; Ackerley et al. 2011) . This suggests that our task choice may have been critical to determine the results we report here.
The results we report indicate that the effects of auditory stimuli on motor cortex excitability during late preparation are different compared to those at rest ( Fig. 2A and B) , early preparation (Fig. 3C ) and sustained contraction (Furubayashi et al. 2000; Fisher et al. 2004; Kuhn et al. 2004; Ilic et al. 2011) . More precisely, a LAS delivered during the final phase of preparation of a self-initiated timing action induces increased activation of the circuits involved with response programming. This increase in activation of cortical circuits would explain the systematic increase in response vigour usually associated with responses triggered by auditory stimuli Tresilian & Plooy, 2006; MacKinnon et al. 2007; Rogers et al. 2011; Marinovic et al. 2013) .
Figure 8
A, preparatory activation increases monotonically until it crosses the threshold for command generation ( ). B, preparatory activation increases monotonically as in A but the activation introduced by the LAS adds to that already built up. This makes the level of activity in the response circuit reach threshold much sooner than in the absence of the LAS. As a result, the level of response-related activity in the circuits responsible for movement triggering differs significantly at the time of TMS probing.
Our results do not conclusively rule out the possibility that triggering of prepared motor programmes by loud auditory stimulation occurs entirely subcortically, but they do demonstrate cortical effects of such stimulation, consistent with a cortical locus for triggering. We have briefly described two pathways by which loud auditory stimulation could trigger cortical motor command generation at short latencies. Based on recent anatomical and electrophysiological evidence for the connectivity of the auditory and motor systems, both pathways provide plausible neural substrates for the facilitated-reaction effect and are compatible with evidence that motor command generation in voluntary action has a cortical locus.
